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By leveraging the geographic diversity of wind energy resources, the cost and emissions of baseload wind 
systems can be significantly reduced as a result of reduced capital cost requirements for balancing aggregated wind 
resources. Specifically, re-optimizing the CAES configuration, including the relative capacity of the compression and 
turboexpander trains as well as the storage capacity of the geologic reservoir, in response to changes in wind resource 
characteristics yields significant capital cost reductions for the CAES system which translates into lower levelized costs 
for baseload power from wind/CAES as well as reduced carbon emission intensities. 
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NOMENCLATURE 

Parameters 

CWP Wind turbine array capital cost 

CF Capacity factor of combined system 

CFC CAES output capacity factor 

CFT Transmisssion Line Input 

CFT,l Transmission Line Losses 

CFWd Capacity factor contribution, direct wind 

CFWt Wind capacity factor, delivered 

CFWs Wind capacity factor, input to CAES 

CFWc Curtailed Wind Fraction 

EGHG GHG emission rate 

F Fuel Costs 

hy Hours per period 

ls CAES inventory 

Mf Fixed Operations and Maintenance 

Mv Variable Operations and Maintenance 

NT Number of wind turbines 

PL Target power delivered to load  

PW Aggregate wind turbine array output 

PWC Curtailed wind power 

PWP Total wind nameplate capacity 

PC CAES compressor input power 

PG CAES turboexpander output power 

PSC Simple cycle nameplate capacity 

PCC Combined cycle nameplate capacity 

PT Total power delivered 

Pwr  Wind turbine rated capacity 

vr Wind turbine rated windspeed 

vavg Annual mean wind speed 

γC CAES compressor minimum loading fraction 

γG CAES turboexpander minimum loading fraction 

δ2 Diameter squared wind turbine array spacing  

ηC CAES compressor efficiency 

ηG CAES turboexpander efficiency 

ηCER CAES charging energy ratio 

ηA Wind turbine array efficiency 

τFP Firm Power Fraction 

χ Levelized capital charge rate 

 

Variables 

hs Duration of storage at full output capacity 

rr Wind turbine rating ratio 

rf Wind turbine array relative capacity 

rC CAES compressor chain relative capacity 

rG CAES turboexpander relative capacity 

 

INTRODUCTION 

As the share of electricity produced by wind 
generation continues to grow, the impacts of wind’s 
variability will be increasingly felt on the grid [1, 2]. 
Electrical energy storage can be an important source of 
flexibility to help facilitate the integration of wind into the 
electric grid and can serve a wide range of grid support 
applications as well [3-5]. Although the integration of 
renewable energy can be facilitated by means of  
numerous sources of flexibility [6, 7], coupling of wind 
with energy storage can be an attractive strategy, 
especially where penetration levels of wind are high and 
transmission capacity is constrained [8]. Furthermore, 
colocation of wind and storage enables wind to serve 
baseload markets and maximizes utilization of 
transmission infrastructure for wind [9].  

This analysis will focus on the economics of large-
scale, electrical energy storage for producing baseload 
power from wind. A wide array of electrical energy 
storage technologies exist today, but bulk storage 
technologies scalable to the 100’s of megawatts and 
gigawatt-hours of energy storage capacity needed to 
provide firm power at utility scale are currently limited to 
pumped hydroelectric storage (PHS) and compressed 
air energy storage (CAES) [5]. The focus of this 
analysis will be on wind turbine arrays coupled with 
CAES due to the relatively low cost and potential for 
widespread availability of this type of energy storage in 
areas with high quality wind resources [10]. The role of 
electrical energy storage explored in this analysis is of 
directly coupled operation with a single wind facility to 



produce baseload power. This analysis does not 
attempt to reflect the many other market functions that 
energy storage can provide on a system [4, 5, 11-14], 
but rather to analyze the economic value of co-
optimization of storage and wind rating ratio within the 
context of a specific operational mode. 

The backup requirements needed to provide 
baseload power from wind depend critically on the 
variability of the wind resource. Aggregation of multiple 
wind sites over a broad geographic region can 
substantially mitigate this variability by reducing the 
frequency of both high and low wind speed events [15]. 
This paper will investigate the impacts of this resource 
aggregation on the backup requirements for producing 
baseload power from wind/storage systems. 

 

METHODOLOGY 

The cost dynamics of baseload wind systems are 
described here as a function of wind resource diversity 
and choice of backup technology. Baseload power 
subject to constant 2000 MW demand (i.e. 14.9 TWh/y) 
is modeled as a remote wind resource 750km from load 
with backup available through either CAES collocated 
with wind or stand-alone natural gas fired capacity at 
the load (see Error! Reference source not found.). 
Although the model allows wind to be backed by any 
combination of storage and natural gas capacity, the 
cost optimization does not ultimately favor a dual-
backup solution. Because systems with both storage 
and dispatchable generation backing wind imply some 
degree of redundant capacity, the model always 
chooses to either back wind entirely with local natural 
gas capacity or collocated CAES. 

Figure 1 Schematic diagram of the model 
This simplification allows the cost comparison to be 

framed as a three-way competition between a reference 
conventional baseload technology (CCGT), Wind/Gas 
(wind backed by local CCGT and SCGT capacity) and 
Wind/CAES (wind backed by compressed air energy 
storage) [9]. 

 The optimization model is formulated to minimize 
the levelized cost of energy of the combined system as 
defined in equation (1) below. 
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With respect the optimization of the Wind/CAES system 
configuration, the cost optimization is carried out 
subject to the following constraints:  

 PT ,t = PW ,t −PC,t −PWC,t +PG,t ≤ PL   (2) 

 PT ,t
PLt

∑ ≥ τ FP   (3) 

 p(PT ≥ PL ) ≥ τ FP  (4) 

 γGrGPL ≤ PG,t ≤ rGPL  (5) 

 γCrCPL ≤ PC,t ≤ rCPL  (6) 

 PC,t ≤ PW ,t −PL  (7) 

 PG,t ≤ PL −PW ,t  (8) 

 ls,t = ls,t−1 +PC,t ⋅ηC −PG,t ⋅ηG  (9) 

 ηCER =
ηG

ηC

 (10) 

 0 ≤ ls,t ≤ hsrGPL  (11) 

The constraint in equation (2) defines the total 
power delivered from the Wind/CAES system as the net 
wind power output plus the contribution from CAES 
subject to a fixed upper bound. In this case, the net 
wind output refers to the wind output delivered directly 
and excludes the curtailed wind generation and the 
wind generation used to run the CAES compressor 
train.  

The constraints in (3) and (4) describe how the firm 
power fraction is applied. The firm power fraction is 
used to ensure that the capacity value of the 
Wind/CAES system is equivalent to that of a 
conventional baseload unit. In this reduced form cost 
optimization model, the calculation of loss of load 
expectation that would be necessary to calculate the 
effective load capability of the unit is not feasible [16, 
17]. The alternative methodology adopted in this case it 
to apply the firm power fraction as a capacity factor 
constraint in (3) and a threshold point for the power 
duration curve of the system meeting the target 
nameplate capacity of the system where the x-axis is 
normalized to include values from zero to unity [9]. The 
latter constraint is expressed in equation (4) in terms of 
a special case of the cumulative probability distribution 
function where the integral is taken from PL,to positive 
infinity, which is the inverse of the system power 
duration curve. Because the power duration curve is a 
monotonically decreasing function, the formulation in 
equation (4) is functionally equivalent to a minimum 
power duration curve value at a given x-intercept.  

Equations (5)-(8) define the output constraints and 
minimum loading limits for the compressor and 
expander trains described previously by Greenblatt et al 
[9]. Finally, equations (9)-(12) describe the storage 
inventory management and constraints as well as the 
charging energy ratio for the CAES system [10]. 



The optimization of the Wind/Gas system is carried 
out in much the same way but in simplified form. When 
conventional gas units are used to provide backup, the 
only degree of freedom in the optimization is the 
combined nameplate capacity need to meet the 
baseload power requirements in equations (3) and (4) 
and the cost-optimal mix of simple cycle (SC) and 
combined cycle (CC) capacity as determined by the 
shape of the power duration curve for the natural gas 
backup block. 

The power duration curves in Figure 2 depict the 
sources of power and cumulative output for these three 
systems, each of which is constrained to deliver a 
minimum capacity factor of 85%. The natural gas fired 
generation is local to load and it is assumed that wind 
and CAES are collocated and served by a 750km, 
500kV HVDC transmission line. Base modeling 
assumptions are presented in Table 1.  

 

Table 1. Base case parameters 

Parameter  Value Units Ref 

Load power  PL 2.0 GW  

Firm power fraction τFP 85 %  

Levelized capital 

charge ratea  

χ 11.5 %/yr  

Natural gas pricea  pNGeff 5.5 $/GJ HHV [18] 

GHG intensity, 

natural gasa ,b  

 66.0 

(55.6) 

kgCO2/GJ 

(GJ/tCe.) 

[19] 

Wind OCC CWP,0 2140 $/kW [20] 

Wind FOM  MW,F 28.07 $/kW-yr [18] 

Wind VOM CW,V 0 $/MWh [18] 

CAES BOP ratiod  RBOP 63 % [5, 21] 

CAES heat ratea  HRC 4220 kJ/kWh [5, 21] 

CAES comp d  CM 280 $/kW [5, 21] 

CAES exp td  CE 310 $/kW [5, 21] 

CAES storage e  CS 2.09 $/kWh [5, 22] 

CAES FOM  MC,F 4.79 $/kW-yr [5, 21] 

CAES VOM MC,V 3.59 $/MWh [5, 21] 

a  Thermal content stated in LHV basis, except energy prices 
are on a higher heating value (HHV) basis—the norm for 
US energy pricing. 

b  Natural gas carbon dioxide content of 55.6 kgCO2/GJ LHV 
[23] and upstream GHG emissions (10.4 kgCO2/GJ LHV) 
[19]. 

c  Extrapolated from 10 m reference Class 4 wind speed 
(5.77 m/s) using 1/7 scaling exponent to assumed hub 
height of 120 m. 

d  Costs determined from information provided by EPRI and 
DOE [5, 21] and commercial vendors. 

e  Storage cost for solution mined domal salt or porous rock 
formations. 

 

The cost optimization results in three baseload 
systems that rely on a combination of wind and natural 
gas to deliver baseload power. Because the heat rate of 

the storage system is relatively low (4220 versus 6700 
kJ LHV/kWh for CCGT) and because Wind/CAES 
delivers the largest fraction of its power from wind 
directly, this system represents the plant with the lowest 
greenhouse gas  (GHG) emission rate of the three 
considered here (83.9 gCO2/kWh). By comparison, the 
CCGT option has a GHG emission rate of 
approximately 440 gCO2/kWh, while Wind/Gas 
generates 265 gCO2/kWh. The result is a cost of energy 
competition between the three systems that depends on 
the price of fuel, or alternatively GHG emissions price. 

Because all the systems in this analysis use natural 
gas as their fuel, changes in GHG emissions price  pGHG 
(with a constant, nominal fuel price pNG=$5.5/GJ HHV 
[23]) can be equivalently expressed in terms of changes 
in fuel price pNG (with a constant, nominal GHG 
emissions price pGHG=$0/tCe). The equivalence 
between pNG and pGHG is established by the nominal 
value of each parameter and the greenhouse gas 
emissions intensity of the fuel. The value used here is 
the sum of the carbon content of natural gas  (55.6kg 
CO2/GJ LHV [23]) and the upstream emission rate (10.4 
kgCO2/GJ LHV [19]), which means a $30/tCO2  
increase in pGHG is equivalent to an “effective” fuel price 
increase of $1.78/GJ HHV. Thus, we can describe 
changes in effective fuel price in terms of pGHG or pNG. 

 

Figure 2 Power duration curves for three 
alternative baseload systems: CCGT (top left), 
Wind/Gas (top right), Wind/CAES (bottom left), N=1 
 

The cost of energy of these baseload systems is 
shown in Figure 3 as a function of the effective fuel 
price. Because the optimal configuration for each 
system is constant with respect to fuel price, the cost 
curve for each technology is linear. The crossing points 
or “entry price” for Wind/Gas and Wind/CAES at which 
they become the lowest cost option is $118/tCO2 
($12.3/GJ) and $175/tCO2 ($15.7/GJ) respectively (see 
Figure 3). 
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Figure 3 Levelized cost of energy for Gas 
(CCGT/SCGT), Wind/Gas (Wind backed by 
CCGT/SCGT) and Wind/CAES (wind backed by 
compressed air energy storage) 

 

The aggregation of wind over a broad geographic 
area provides an alternative method of mitigating the 
variability in wind. While the fluctuations imposed by 
wind at a single site can impose substantial ramping 
events on the system, pooling multiple weakly 
correlated geographically distributed wind resources 
can smooth the overall profile of the wind substantially 
[24-26]. 

Figure 4 Wind power duration curves show the 
impact of geographic diversity with synthetic wind 
time series (left) and real wind data of the central 
US (right) 

 

Since weakly correlated wind resources will rarely 
experience simultaneous gusts, the combined output 
from multiple farms will rarely reach the rated output of 
the combined wind system. As a result, the left-hand 
peak of the wind power duration curve will narrow as 
the number of wind resources (N) increases. In 
addition, the knee of power duration curve will be raised 
and shifted rightward with increasing numbers of wind 
turbine arrays since the aggregated wind resources will 
likewise rarely experience simultaneous lulls. The 
results of these changes in the power duration curve 
are depicted in Figure 4 for N=1, 4 and 16.  

 

 

 
 

Figure 4 depicts the impact of resource aggregation 
from two data sets. In the left panel, each wind turbine 
array is a separate, independently generated synthetic 
Rayleigh-distributed hourly wind speed time series [9, 
27, 28]. In the right pane, the resources reflect the 
geographic diversity found in 16 selected sites from the 
wind resource dataset developed for the Eastern Wind 
Integration and Transmission Study [29]. In this case 
the sixteen sites depicted in Figure 5, which span a 
broad geographic area from northern Montana to the 
Texas panhandle, were included iteratively from north 
to south. The comparison of the two panels in Figure 4 
reveals that the benefits of geographic diversity are less 
pronounced in the case of real wind data compared to a 
set of uncorrelated synthetic wind time series, even 
when resources are pooled over a very large region. In 
addition, the impact of resource aggregation on the 
power duration curve seem to saturate at relatively low 
values of N such that the incremental value of 
increasing the number of wind resources from N=4 to 
N=16 appears to be minimal in this context.   

Figure 5 Wind sites from the EWITS database 
selected for this analysis. 

The narrowed peak of the power duration curve 
reduces the curtailment penalty of increasing the size of 
the total wind nameplate capacity above the 
transmission line capacity (i.e. over-sizing the wind 
turbine array). Furthermore, the broadening of the base 
means that the wind can guarantee a higher capacity 
for a larger fraction of the time. Therefore, large 
numbers of wind turbine arrays aggregated over a 
broad region could enable wind to achieve a greater 
capacity credit, reduce reserve requirements on the 
system and in the limit of high values of N, produce a 
degree of baseload power without backup [15, 24, 30].  

RESULTS 

Incorporating wind resource aggregation into the 
baseload wind cost optimization model facilitates an 
analysis of combined wind integration strategies for 
providing dispatchable power from wind. The change in 
wind resource characteristics has an important impact 
on both the Wind/Gas and Wind/CAES systems 
configuration and might reduce the backup 
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requirements needed to meet baseload power 
requirements. Therefore this combined approach of 
both mitigating wind variability through resource 
aggregation and firming output with backup capacity 
might result in super-additive cost benefits for baseload 
wind systems in this analysis and for wind integration 
more broadly. 

For the N=1 case, the rated capacity of the wind 
turbine array in the Wind/Gas system was matched to 
the transmission line capacity in order to minimize wind 
curtailment (see Figure 2). However, as the system 
takes advantage of greater resource diversity, the wind 
output can be increasingly oversized with respect to the 
line at minimal curtailment penalty (see Figure 6). By 
comparison, for the N=16 case, the wind capacity can 
be sized to 1.45 times the transmission. 

The over-sizing of the wind system enhances the 
utilization of the long distance transmission line since a 
greater fraction of the full system output comes from the 
remote wind rather than the local natural gas backup. In 
this case transmission line   capacity factor increases 
from 35% for a single wind site, to 49% and 52% for N 
= 4 and 16 respectively (curtailed output accounted for 
<2% of delivered energy). Because resource 
aggregation enables a greater fraction of the 85% 
capacity factor to be delivered from wind and reduces 
reliance on backup generation, it also results in a 30% 
reduction in greenhouse gas emissions for the system 
as a whole (see Figure 6). 

Figure 6 Power duration curves for Wind/Gas (top) 
and Wind/CAES (bottom) for N=1 (left), N=4 (center) 
and N=16 (right).  
 

Combining the output from multiple wind resources also 
has significant impacts on the Wind/CAES system. 
Although prior studies have suggested that CAES is not 
economic on the system when wind resources are 
pooled over a large region [31], these results do not 
capture the benefits of re-optimizing the storage system 
for changing wind resource dynamics. The storage 
system for the Wind/CAES system described above is 
optimized for backing a single Rayleigh-distributed wind 
resource (N=1). The different output characteristics for 
the aggregated wind resource system allow the 
compressor, expander and storage reservoir of the 
storage system to be scaled down considerably. 
Therefore, applying an N=1 CAES system to the N>1 
case results in a suboptimal system configuration. 

The increased occurrence of mid-level wind speed 
events (reflected in the widening of the lower portion of 
the wind power duration curve) for increased values of 
N (see Figure 4) reduces the storage requirements to 
firm the output of the wind system. The size of the 
overall storage system is reduced substantially. The 
CAES expander requirement drops from 34% of the 
overall wind rated capacity for N=1 to 14% at N=16. 
Likewise, the compressor chain input capacity drop 
from 44% to 21% of wind rated capacity. The storage 
reservoir in the single-array case needs to hold 158 
hours of output at the full transmission line capacity. By 
contrast, the storage requirements are reduced to 83 
and 73 hours for N= 4 and 16 respectively (see Figure 
7). This results in a significantly reduced capital cost of 
storage as greater number of weakly correlated wind 
sites are integrated and the storage fraction of the 
system cost of energy (COE) declines from 25% at 
N=1, to 13% at N=16 (see Table 3). 

Figure 7 System configuration parameters (Wind, 
CCGT, and SCGT capacity relative to transmission 
line) and greenhouse gas emission rate for 
Wind/Gas (top left), system configuration 
parameters (wind capacity, CAES compressor 
capacity and CAES expander capacity relative to 
transmission line size and storage capacity in 
100's of hours at transmission rated output 
capacity) and greenhouse gas emission rate for 
Wind/CAES as a function of N (top right), and the 
contributions to capacity factor from wind and 
backup for Wind/Gas (bottom left) and Wind/CAES 
(bottom right) 

 

As in the Wind/Gas case, wind resource 
aggregation for Wind/CAES allows a greater fraction of 
the system output to come from wind directly and 
reduces the burden on CAES to firm the output. 
Because the storage allows a further widening of the 
wind component of the delivered power in the power 
duration curve, the capacity factor from wind delivered 
directly onto the line accounts for a greater fraction of 
the total output. For Wind/CAES the contribution to 
capacity factor attributable to wind transmitted directly is 
58%, 67% and 70% for N=1, 4 and 16 respectively. In 
addition, the wind curtailment is limited to a smaller 
fraction of overall generation (5-6%) and the 
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greenhouse gas emission rate declines rapidly (see 
Table 2) 

As N increases, the wind capacities of Wind/Gas 
increases by 45% from N=1 (2.1 GW) to N=16 (3.03 
GW) as shown in Figure 7. The Wind/CAES system on 
the other hand experience a small decrease in installed 
wind capacity for larger N. Therefore, although both 
systems benefit from reduced backup requirements at 
higher N values, the large increase in wind capacity 
needed in the Wind/Gas case offsets some of the cost 
reductions and therefore the benefit from geographic 
diversity to the system with storage backup capacity is 
greater. 

 

 

Table 2. Wind/CAES Optimization results. 

  Unit N=1 N=4 N=16 

Variables        

PWP GW 5.11 5.03 5.06 

NWT  1059 1120 1162 

rf  2.44 2.40 2.41 

PC GW 2.27 1.34 1.08 

PG GW 1.74 0.90 0.73 

hs h 158 83 73 

rG  0.83 0.43 0.35 

rC  1.08 0.64 0.51 

     

Outputs     

CFWd % 58.4% 66.8% 70.3% 

CFC % 17.7% 12.2% 9.8% 

CFWc % 9.1% 5.8% 5.7% 

CFWs % 26.6% 18.2% 14.7% 

CFT % 88.9% 88.8% 88.8% 

CFT,l % 3.9% 3.8% 3.8% 

CF % 85.0% 85.0% 85.0% 

EGHG gCO2./ 

kWh 

83.9 57.5 46.5 

 

The impact of geographic diversity on overall 
system costs for baseload wind systems has critical 
implications for the cost and performance of these 
facilities. Since the variability in the resource is 
mitigated to a substantial degree, the capital cost 
required to achieve baseload performance is 
significantly reduced.  

The impact on Wind/CAES cost of energy is 
especially significant since the storage components can 
be greatly scaled down without a commensurate 
increase in wind capacity. This means that for N>1, the 
break-even fuel cost for Wind/CAES may occur before 
that of Wind/Gas. The impact of resource aggregation 
on Wind/CAES entry price is shown in , with 
Wind/CAES sharing a crossover with NGCC and 
Wind/Gas for N=16 at $103/tCO2 and $5.5/GJ HHV 
natural gas (or equivalently, at $11.4/GJ HHV natural 
gas and $0/tCO2). 

 

 
Figure 8, with Wind/CAES sharing a crossover with 

NGCC and Wind/Gas for N=16 at $103/tCO2 and 
$5.5/GJ HHV natural gas (or equivalently, at $11.4/GJ 
HHV natural gas and $0/tCO2). 

 
 
Figure 8 Levelized cost of energy for baseload 
systems, N=1 (top left), N=4 (top right) and N=16 
(bottom left) 

 

Table 3. Disaggregation of Wind/CAES COE 

 
N=1 N=4 N=16 

 
$/MWh % $/MWh % $/MWh % 

Wind        
Capital 68 59 70 67 72 69 
FOM 9.6 8.3 9.5 9.0 9.5 9.2 

VOM 0.0 0.0 0.0 0.0 0.0 0.0 
CAES 0.0 0.0 0.0 0.0 0.0 0.0 
Surface 15 13 8.3 7.8 6.7 6.4 
Storage 5.4 4.6 2.8 2.7 2.5 2.4 
FOM 0.6 0.5 0.3 0.3 0.2 0.2 
VOM 1.1 1.0 0.8 0.7 0.6 0.6 

Fuel 7.4 6.4 5.0 4.8 4.1 3.9 
TL 0.0 0.0 0.0 0.0 0.0 0.0 
Convert. 2.4 2.1 2.4 2.3 2.4 2.3 
TL/ROW 6.2 5.3 6.2 5.9 6.2 5.9 

 
0.0 0.0 0.0 0.0 0.0 0.0 

Total 116 100 105 100 104 100 

 
0.0 0.0 0.0 0.0 0.0 0.00 

TL 
Losses 5.1 4.4 4.5 4.3 4.4 4.3 

 

CONCLUSIONS 

Wind resource aggregation over broad geographic 
regions can have a substantial impact on the cost of 
integrating variable generation with backup to serve firm 
power applications. The capital cost of backup systems 
needed to achieve baseload capacity factors is 
substantially reduced relative to the nominal case 

 6  8 10 12 14 16 18
Price of Natural Gas, pNG ($/GJ HHV)

  0  50 100 150 200
60

80

100

120

140

160

180

GHG Emission Price, pGHG ($/tCO2)

C
O

E 
($

/M
W

h)

 

 

W/G:$118/tCO2
($12.3/GJ)

Wind/CAES:
$175/tCO2 ($15.7/GJ)

Wind/CAES:$146/tCO2
($14.0/GJ)

Gas
Wind/Gas
Wind/CAES

 6  8 10 12 14 16 18
Price of Natural Gas, pNG ($/GJ HHV)

  0  50 100 150 200
60

80

100

120

140

160

180

GHG Emission Price, pGHG ($/tCO2)

C
O

E 
($

/M
W

h)

 

 

Wind/Gas:$109/tCO2
($11.7/GJ)

Wind/CAES(2):
$111/tCO2 ($11.9/GJ)

Wind/CAES(1):$110/tCO2
($11.8/GJ)             

 6  8 10 12 14 16 18

  0  50 100 150 200
60

80

100

120

140

160

180

C
O

E 
($

/M
W

h)

 

 

Wind/Gas:$104/tCO2
($11.5/GJ)

Wind/CAES:$103/tCO2
($11.4/GJ)

GHG Emission Price, pGHG ($/tCO2)



resulting in a higher fraction of generation from wind, 
lower greenhouse gas emission rates, and reduced 
entry fuel/carbon prices relative to conventional 
baseload generation. The impacts of resource 
aggregation on levelized cost are especially critical for 
wind systems backed by energy storage. Since, in the 
case of Wind/CAES, a larger fraction of the generation 
supplied by the baseload system comes from wind, the 
impact of mitigating the variability of the resource allows 
for storage to be scaled down considerably without a 
large increase in wind capacity. This implies a 10.0% 
decrease in COE at the reference price of natural gas 
(pNG=$5.5/GJ HHV) and an 45% reduction in GHG 
emission rate. The combination of these factors 
reduces the entry price carbon relative to CCGT from 
$146/tCO2 at N=1 to $103/tCO2 at N=16. This has 
significant implications, not only for the production of 
baseload power from wind, but also for wind integration 
as a whole. Resource aggregation is an effective 
strategy for mitigating variability of the resource and will 
have significant benefits for maintaining system 
reliability and minimizing wind integration costs at all 
penetration levels. In addition, the mitigation of 
variability will be relevant for the enhanced utilization of 
transmission capacity and for the decarbonization of the 
grid as a whole. This analysis further suggests that 
integration strategies should not be viewed as mutual 
exclusive but rather can be mutual reinforcing by 
leverage important advantages when pursued as part of 
a coordinated strategy for achieving high penetrations 
of variable generation on the grid,  
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